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Reconstituted Skin from Murine
Embryonic Stem Cells
Cultures on coverslips were scored 8 and 15 days after
plating for the presence of ES-derived keratinocytes
by immunocytochemistry with an antibody against the
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Christian Dani,3 and Daniel Aberdam1,* cytokeratin-14 (K14) intermediate filament. Relative
quantification was done by careful observation of the1INSERM U385
06107 Nice fields under a fluorescent microscope (Table 1). Rare
induction was observed when ES cells were cultured on2 INSERM/UMRS 514
51100 Reims gelatin. A higher but still low number of K14-positive
colonies were observed in the presence of matrix de-3 CNRS UMR 6543
06108 Nice rived from SCC25 (epithelial tumor cell line derived from
human tongue), 804G (epithelial cell line derived fromFrance
a rat bladder carcinoma), and MCF-10A (immortalized
murine mammary epithelial) cells (Table 1). However,
significant keratinocyte differentiation was obtainedSummary
when ES cells were seeded on human normal fibroblasts
(HNF) (Figures 1Aa and 1Ab) or mouse NIH-3T3 fibro-Embryonic stem (ES) cell lines can be expanded indefi-
nitely in culture while maintaining their potential to blast cell-secreted ECM (Table 1). The molecular basis
of keratinocyte differentiation induction by the feederdifferentiate into any cell type [1, 2]. During embryonic
development, the skin forms as a result of reciprocal matrix remains to be understood, but it must be noted
that the efficient matrices were derived from cells ofinteractions between mesoderm and ectoderm [3].
Here, we report the in vitro differentiation and enrich- mesenchymal origin.
ES cells plated on an HNF matrix were exposed toment of keratinocytes from murine ES cells seeded
on extracellular matrix (ECM) in the presence of Bone 0.5 nM BMP-4 at different days of culture. Enhancement
of keratinocyte commitment was clearly observed whenMorphogenic Protein-4 (BMP-4) or ascorbate. The en-
riched preparation of keratinocytes was able to form BMP-4 was added (Table 1 and Figures 1Ac and 1Ad).
Interestingly, the effect of BMP-4 was time dependentan epidermal equivalent composed of a stratified epi-
thelium when cultured at the air-liquid interface on and was restricted to a short window between the 4th
and 8th day of culture. This is reminiscent of the role ofa collagen-coated acellular substratum. Interestingly,
an underlying cellular compartment that belongs to the BMP-4 in ectodermal cells during Xenopus [4] and chick
embryo gastrulation [5] and in the inhibition of neuralfibroblast lineage was systematically formed between
the reconstituted epidermis and the inert membrane. differentiation of ES cells [6].
Remarkably, the number of K14-positive cells couldThe resulting tissue displayed morphological patterns
similar to normal embryonic skin, as evidenced by light be largely increased by the addition of ascorbate (0.3
mM) at the time of ES plating (Table 1 and Figures 1Aeand transmission electron microscopy. Immunohisto-
chemical studies revealed expression patterns of cy- and 1Af). Ascorbic acid (AA), besides acting as a radical
scavenger, has been shown to promote mesenchymaltokeratins, basement membrane (BM) proteins and
late differentiation markers of epidermis, as well as proliferation [7], collagen synthesis, fibroblast differenti-
ation [8], and keratinocyte survival [9]. No additive orfibroblast markers, similar to native skin. The results
demonstrate the capacity of ES cells to reconstitute synergic effect was observed when BMP-4 was com-
bined with AA; this finding suggests that both promotein vitro a fully differentiated skin. This ES-derived bio-
engineered skin provides a powerful tool for studying ES commitment but don’t provide a survival advantage
of keratinocytes over other cell types. To quantify thethe molecular mechanisms controlling epidermal and
dermal commitments. efficiency of matrix/ascorbate treatment to keratinocyte
commitment, K14-positive cells were scored by flow
cytometry and are presented in Figure 1B. Since ascor-Results and Discussion
bate was more efficient on keratinocyte differentiation
of ES cells (9.8%) than BMP-4 (5.4%), it was used inWe screened ECM secreted by various primary cultures
combination with an HNF matrix in subsequent experi-and cell lines for their ability to promote keratinocyte
ments. Consistent with the K14 immunostaining, we ob-differentiation of ES cells. At confluency, the ECM-
served by RT-PCR that the keratinocyte-specific genessecreting cells were detached with a solution of EGTA/
K14, laminin-5 3 (lama3) [10], and K10 were inducedEDTA, allowing the matrix proteins (and probably
in AA-HNF matrix-treated ES cells (Figure 1C).trapped growth factors and cytokines) to remain firmly
To test their physiological relevance, the ES-derivedattached to the culture support. Undifferentiated ES
keratinocytes were evaluated for their capacity to pro-cells were seeded on these “acellular feeder matrices”
duce a pluristratified epidermis. ES cells were grown onand were induced to differentiate by removal of LIF from
an HNF matrix in the presence of AA. After 1 week ofthe medium.
culture, the cells were harvested and inoculated onto
cellulose ester membranes for an additional week. Then,*Correspondence: aberdam@unice.fr
4These authors contributed equally to this work. the membranes were mounted on stainless-steel grids
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Table 1. Relative Amount of Keratinocytes after
ES Differentiation
Relative Amount of K14-Positive








HNF ECM  BMP-4 
HNF ECM  ascorbic acid 
a The relative amount of keratinocytes has been scored by micros-
copy after 14 days in culture as follows: , no positive staining at
all; /, rare positive cells; , few positive cells; , significant
number of positive cells; , many positive cells; , large
and abundant patches of positive cells. ECM: cellular secreted ex-
tracellular matrix; HNF, human normal fibroblasts.
to allow the surface of the cultures to be exposed to air
[11]. The cultures were incubated for an additional 14
days. Histological staining of cryosections of 3-week-
old organotypic cultures of ES cells showed the recon-
stitution of skin, the morphology of which resembled an
in vivo embryonic mouse skin epidermis (Figure 2A). A
multilayered and differentiated epithelium was orga-
nized on the top compartment, and, more remarkably,
a dermal bottom compartment was systematically ob-
served underneath. The epidermal architecture appeared
to be composed of a well-defined basal layer with a
cuboidal cell shape and numerous suprabasal layers,
including a stratum granulosum containing keratohyalin
granules and a stratum corneum, seen as superposed
layers of orthokeratotic (dead squame enucleated) cells
at the top. An RT-PCR experiment performed with hu-
man-specific GAPDH primers ruled out the unlikely pos-
sibility that the dermal compartment was due to contam-
inating cells from HNF-derived matrix (Figure 2B).
The normal morphological organization of the ES-
derived epidermis was also reflected in the regular ex-
pression and localization of differentiation markers, as
analyzed by indirect immunofluorescent staining. As ex-
pected, cytokeratin 14-specific immunostaining decor-
ated the basal compartment of the reconstituted epider-
mis but was negative for the other suprabasal layers
(Figure 3A). Likewise, keratin-10 was present in all the
differentiated layers, just above the K14-positive single
basal layer (Figure 3B). The strong fluorescent staining
observed within the stratum corneum was due to the
nonspecific background of the secondary antibodies
(not shown). Immunofluorescent staining with antibod-
ies specific for corneodesmosin (Figure 3C) and filaggrin
(Figure 3D), late markers of keratinocyte differentiation,Figure 1. Keratinocyte Differentiation of Mouse ES Cells
was detected exclusively in the most upper layers, the(A) Immunofluorescent staining of K14 at (a, c, and e) day 8 and (b,
d, and f) day 15 of differentiated ES cells cultured on a (a–f) HNF- stratum granulosum and corneum, as in control mouse
secreted matrix in the (a and b) absence or the (c and d) presence
of BMP-4 or (e and f) L-ascorbic acid. The scale bar represents
11 m.
either undifferentiated ES cells cultured on gelatin in the presence(B) Quantification of K14-positive cells at day 15 by flow cytometry
analysis on ES cells treated as in (A). The relative percentage of of LIF (D0) or ES cells cultured during 8 days on HNF-secreted matrix
in the presence of L-ascorbic acid (D8). The sizes of the amplifiedpositive cells is shown in brackets.
(C) Detection of keratinocyte-specific gene expression by RT-PCR products are: actin control, 318 bp; lama3, 695 bp; K14, 401 bp;
and K10, 482 bp.at various stages of differentiation. Total RNA was extracted from
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Figure 2. Histological Aspect of ES-Derived Reconstituted Skin
(A) Histological aspect of in vivo mouse E17.5 embryonic skin (left) and ES-derived reconstituted skin (right). Hematoxylin/eosin histological
staining shows the different layers of the pluristratified epidermis, with keratohyalin granules in the stratum granulosum (arrowheads). The
scale bar represents 5.5 m.
(B) An RT-PCR experiment to demonstrate the absence of human cells within the cells seeded on HA membranes for organotypic culture.
Total RNA was extracted from either HNF (lane 1), undifferentiated ES cells (lane 2), or ES cells cultured for 8 days on a HNF-secreted matrix
in the presence of L-ascorbic acid (lane 3). Sizes of the amplified products are: 28S control, 211 bp; human-specific GAPDH, 193 bp.
skin (not shown). The presence of intracellular keratins was uniformly detected along the BMZ and was faintly
detected in the cytoplasm of the underlying cells (Figureand late markers at the expected sites as well as ortho-
keratinization were strong indicators that our organo- 3J). Furthermore, apart from its accumulation in the
BMZ, laminin-1, which has been shown to be depositedtypic ES cell cultures had followed the physiological
pathway toward differentiation. It should be noticed that only in the presence of fibroblasts [12], strongly decor-
ated the bottom cell layer; this finding suggests furtherno cell resembling epidermal appendages has been de-
tected. the predominantly mesenchymal origin of the underlying
cells (Figure 3A). The presence of fibroblasts has beenTo assess whether a basement membrane zone (BMZ)
was found under the culture conditions used, the ex- largely shown to improve epidermal differentiation, es-
pecially terminal differentiation [12].pression of adhesion molecules was examined in the
reconstituted skin with specific antibodies. As shown in In agreement with the histology and immunofluores-
cence data, the ES-derived reconstituted skin displayedFigure 3, all the components of the BMZ that we tested
were present. Laminin-5, which is the major adhesion ultrastructural features of normal BMZ (Figure 4). Basal
cells lie on a continuous BM with a distinct lamina lucidaligand secreted by the basal keratinocytes, was present
at the dermal-epidermal junction (Figure 3E). The ex- and lamina densa and were regularly connected by des-
mosomes (Figure 4A). Hemidesmosome condensationspression of 6 and 4 integrin subunits, laminin-5’s
hemidesmosomal transmembrane receptors, was con- that were clearly visible were associated with cyto-
plasmic tonofilaments of keratins (Figure 4B). Fromfined to the basal cell layer along the epidermal-dermal
junction (Figures 3F and 3G). Laminin-1 (Figure 3A, hemidesmosome-dense plates, anchoring filaments
crossed the lamina lucida and reached the lamina densa,green), collagen IV, the major component of the BM
(Figure 3B, green), and the anchoring fibril component, where anchoring fibrils extended into the connective
tissue. It should be noted that keratin filament bundlescollagen VII (Figure 3H), were deposited along the BMZ,
as was fibronectin (Figure 3I). were relatively rare. This confirmed an earlier report that
stated that the ultrastructural organization of reconstitu-Although devoid of specific markers, dermal fibro-
blasts are the sole source of nidogen during the early ted skin occurs with some delay compared to the immu-
nostaining of the major constituents [12].stage of dermal-epidermal formation [12]. To document
that the underlying cellular compartment was composed The experiments described here demonstrate that the
pluripotent ES cells can recapitulate many aspects ofof fibroblasts, the sections were stained with antibodies
specific for nidogen. Accordingly, nidogen fluorescence embryonic skin formation. Remarkably, they reproduced
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Figure 3. Immunofluorescence Analysis of the Reconstituted Skin
(A–J) The basal layer expresses (A) K14 (red), whereas the suprabasal layers express (B) K10 (red). The arrows delineate the basement
membrane. The stratum granulosum and corneum express (C) corneodesmosin (red) and (D) filaggrin (green). The adhesion ligand laminin-5
is deposited in the (E) BM, and cells of the basal layer express (F) 6 and (G) 4 integrin subunits. The dermal-epidermal junction is
immunostained for (A) laminin-1 (green), (B) type IV collagen (green), (H) type VII collagen, (I) fibronectin, and (J) nidogen, which is also detected
in the cells under the BM. Nuclei are stained blue in (C) and (D). The scale bar represents 5.5 m in (J) and 11 m in (A)–(I).
the dynamic and reciprocal induction of both ectoder- brane. Large areas of well-organized skin, representing
about 1/5 of the total area, alternated with zones ofmal (keratinocyte) and mesodermal (fibroblast) commit-
ments to form, under appropriate conditions, a three- uncharacterized differentiated cells that did not orga-
nize into defined structures. Still, these mingled cellsdimensional functional organ. This feature relies on a
tightly balanced process of keratinocyte and fibroblast were able to undergo correct positioning to associate,
within two separate compartments, in a tissue-likeproliferation and terminal keratinocyte differentiation,
which both occur during skin development [13]. Further- structure. A similar cell-sorting behavior has been re-
cently described for interspersed populations of dermalmore, synthesis, deposition, and structural organization
of BM components occurred rather normally, compara- fibroblasts and keratinocytes [14].
The molecular signals that underlie epithelial-mesen-ble with organotypic cultures of normal keratinocytes
and fibroblasts. chymal interactions during skin development remain to
be defined. The in vitro skin organogenesis describedThe matrix/ascorbate-induced ES cell population
seeded on the inert membrane, although enriched in herein provides a model for studying these interactions,
in particular those regulating early epidermal differentia-ES-derived keratinocytes, was heterogeneous. Accord-
ingly, it is noteworthy that the ES-bioengineered skin tion and morphogenesis. It will constitute a powerful
system to characterize, by using genetically modifiedwas not continuously observed along the inert mem-
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